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ABSTRACT
An experimental effort to demonstrate the feasibility of an active
gust alleviator using a fluidically actuated jet flap control system
was undertaken. The wing model had a variable deflection jet at the
trailing edge and was free to move in pitch only. A vane mounted ahead
of the wing served as gust sensor and provided the signal which con-
trolled jet angle.
Experimental results showed the system capable of alleviating up
to 92% of the motion caused by a sinusoidal gust at constant amplitude.
RMS values of wing rotation angle were found to be 0.68 degrees with
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I. INTRODUCTION
Practically at the outset of aviation history the alleviation of
gust loads on aircraft was a concern to the aircraft designer. The
development of larger, more flexible aircraft of greatly increased
cost has considerably increased this concern. In addition, low level
military operations and the anticipated increase in low level feeder
and commuter routes indicate that effective methods for aircraft gust
alleviation and flutter suppression might well pay large dividends in
terms of lighter structures, larger pay loads, more stable gunnery plat-
forms, improved riding comfort and, perhaps most important, increased
safety and extended service life.
One of the main arguments against an active gust alleviation
system in the past has been the cost and complexity of such a system.
This argument loses much of its impact in the light of present day
realities when one considers that many existing aircraft cost in the
neighborhood of 20 million dollars and have service lives of about
10 years. Any analysis of cost effectiveness would show that appre-
ciable increases in service life could represent large savings in
revenue over the life cycle of the aircraft. If larger payloads and
increased crew efficiency are added, it is seen that the increased
initial cost and complexity of an active load alleviation system may
be worth serious consideration.
Perhaps the single most important thing that must be considered
before incorporation of any load alleviation system is its reliability,
Some insight into this problem can be gained when one considers that
most present day aircraft already contain some type of stability
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augmentation device. The advent of solid state electronics has made
these devices extremely reliable. Thus, since any gust alleviation
system would be built much along the lines of present day stability
augmentation systems, it appears that one can already assume a high
degree of reliability in-so-far as electronic circuitry is concerned.
In the final analysis any active load alleviation system, if it
is to get aboard a production aircraft, must demonstrate an economic
benefit and be extremely reliable.
A. PREVIOUS GUST ALLEVIATION STUDIES
Early attempts at gust alleviation were frequently devised with-
out adequate analysis by their inventors. Nevertheless, they often
achieved remarkable results. The wide variations in results was
exceeded only by the innumerable and ingenious methods employed by
their inventors.
Around 1930, Waterman (see Ref. 8 for more detailed review) devised
an aircraft with skewed hinges attaching the wing to the fuselage.
When lift forces overcame the force exerted by pneumatic struts the
wing would deflect upward and rotate so as to reduce angle of attack
in much the same manner as a rotor blade on a conventional helicopter.
of course, the adverse effect of this arrangement on lateral control
is obvious.
1. British Work
The British shortly after World War II designed a commercial
aircraft to alleviate gust induced wing bending moments [Ref. 17].
Control was to be achieved through symmetrical deflection of ailerons
in response to an input signal. While this aircraft was never placed
in production, the system, with little preliminary analysis, was placed
11

aboard a Lancaster aircraft utilizing a vane gust detector with a
hydraulically actuated control system. First engagement by the pilot
resulted in a ride considerably more bumpy than without the system.
By reversing the sign of the gain constant the ride was made somewhat
smoother. The reason for this was that as the ailerons deflected
up in response to an up gust an increased nose-up moment was produced
which caused the aircraft to nose up even more due to the gust, thus
offsetting the aircraft's natural tendency to relieve loads by nosing
downward into an up gust. At higher frequencies the system actually
did reduce some- of the aircraft response to turbulence. However,
at still higher frequencies (3 cycles per second) the system destabil-
ized the wing first symmetrical bending mode.
2 . Work of Rene Hirsch in France
By 1938, Rene Hirsch had completed a thesis on analysis and model
tests of a gust alleviating airplane [Ref. 8]. As conventional servo-
mechanisms were then in an early state of development, Hirsch relied
on aerodynamic forces to actuate his system. He used forces on the
horizontal tail to operate trailing edge flaps on the wing through a
direct mechanical linkage. It may seem illogical to sense a gust aft
of the place where its main effect will occur. However, as is well
known, long-wavelength gusts have the greatest effect on aircraft
response, and for this type of gust little change in phase effect
results whether the gust is sensed at the nose or the tail of the
aircraft. The recognition of this fact was one area in which Hirsch
showed greater insight than most of his contemporaries
Hirsch conducted wind-tunnel tests of a dynamic model of his
airplane. A Venetian blind arrangement ahead of his model produced
12

the necessary gusts. Hirsch noted that with surfaces fixed his model
would bang against the top of the tunnel under the influence of a gust
whereas his alleviated model was relatively undisturbed. This type of
dynamic testing of models was years ahead of its time and has since
come into wide use for dynamic response testing.
Hirsch continued his work after World War II constructing a
small clean twin-engine airplane equipped with his gust alleviation
system. Hirsch's flap was actuated by the horizontal tail, which
changed dihedral about chordwise hinges at the root. Hirsch's confi-
dence in his design was so great that he designed, the aircraft to a
load factor of only 2 g, taking advantage of the weight saving to
improve performance. His aircraft was well engineered and made many
successful flights. The degree of alleviation he achieved was about
50% reduction in RMS acceleration values.
3. C-47 Test Results
A second experimental project with objectives similar to those
on the British aircraft was conducted on a C-47 in 1952 [Ref. 10].
The ailerons were mechanically linked to the wing in such a manner that
upward wing deflections would drive the ailerons upward. The mechanical
linkage eliminated the need for incorporating a servomechanism and it
was felt that this arrangement would be sufficiently reliable for use
on service airplanes. Unfortunately this arrangement, in addition to
suffering the same problems as the British aircraft, also had a tendency
to flutter. This was due to the inertia of the ailerons, combined with
the flexibility of the operating linkage, causing aileron deflection
to lag wing deflection. This condition, being conducive to flutter,
could only be eliminated if the gain between aileron deflection and
13

wing bending was left small. With this handicap the system was capable
of only about 9 percent alleviation of wing bending moments, with no
noticeable effect on riding comfort.
4. NACA Work
An exhaustive series of flight tests was conducted by NACA
[Refs. 2,4,6,7,11] from 1952 to 1960 utilizing a small twin-engine
transport. The tests were conducted in order to evaluate previous
theoretical work and to demonstrate the feasibility of a gust allevia-
tion system employing wing flaps and other control surfaces operated
by a servomechanism. Provision was made for using either a nose-
mounted vane or an accelerometer as the gust sensor.
A split elevator was used, the inboard section moving separately
from the outboard section. The outboard section was connected to
the flap through an adjustable linkage to balance the pitching moment.
This section moved in phase with the flap. The inboard section was
for pilot control.
The trailing edge flaps were also split into two sections in
order to vary the downwash due to flap deflection. The small inboard
section was used to change the flow field at the tail so as to reduce
excessive pitching moments caused by flap movement in response to gusts.
Each outboard flap section was connected to its aileron. Lateral con-
trol was achieved through differential movement while alleviation was
accomplished using symmetrical control.
An electrohydraulic servomechanism was used to operate the
flaps. In order to reduce the possibilities of structural wing feed-
back the flap servomechanism was designed to be highly attenuated at
8.0 cycles per second, the lowest natural frequency of the structure.
14

Power spectral methods were used in the analysis of flight test
results. Vertical gust velocity was measured using vane angle of
attack indications corrected for aircraft pitching and plunging motions.
Test results showed that values of normal acceleration divided by gust
angle of attack were about 50 percent smaller when the gust alleviation
system was actuated. These results were somewhat less than expected.
It was felt that flap response attenuation at high frequencies, and in
particular an intentional velocity saturation characteristic which had
been included as a safeguard against flutter, were largely responsible
for this limitation. After the test results were, analyzed, it was felt
that a considerable improvement in alleviation performance could have
been achieved by using a servo-mechanism with higher frequency response
and more nearly linear characteristics.
5. Recent Work
Despite the success of earlier experiments there was little
interest in the 1960's in incorporating a gust alleviation system
aboard a production aircraft. One reason for this was that high speed
aircraft with thin airfoil sections exhibited reduced structural
frequencies. Thus there was the problem of providing adequate allevi-
ation in the range of frequencies of interest to passenger comfort
without exciting structural modes. Thus, active mode stabilization
has become a topic of increasing interest and, in fact, for modern
aircraft one needs to consider mode stabilization and gust alleviation
together, if practical results are to be achieved, e.g., Refs. 1,3,
5,13,14,15,16,19,20.
Several theoretical works were published in the '60's; notable
among these was a report published by the U. S. Army entitled "Gust
15

Alleviation Feasibility Study" [Ref. 20]. In this report, several
alleviation systems, both active and passive, were studied. Among the
systems investigated were vane controlled and accelerometer controlled
systems as well as a novel telescoping wing concept. Effects of each
system on items such as range, stability, structural effects, weight
penalty and reliability were analytically investigated. While the
results of this report are too lengthy to summarize, they make inter-
esting reading for anyone involved in the design of gust alleviation
systems.
Phillips, in reference 9A, goes into a detailed discussion of
perhaps the two most common types of gust alleviation systems — load
sensing types wherein the gust loads on the wing are sensed by either
strain gages or accelerometers; and vane types, wherein gust angle of
attack is sensed. In this report he indicates that in the load sensing
system the percent of alleviation increases with increasing speed,
whereas in the vane type the percent alleviation tends to remain constant
with speed as long as the gain is kept constant. He points out that
one limitation of the load sensing type is the occurrence of a high
frequency instability at a relative gain of one; that is, a gust inducing
a load of plus one g on the sensor causes the gust alleviation system
to respond with a negative one g response. He also points out that
whereas the load sensing system is a closed loop system, the vane con-
trolled system is more nearly an open loop system and thus, in the latter,
the high frequency instability is much less likely to be encountered.
This is so because operation of the angle of attack sensor causes de-
flection of the alleviation controls, but operation of the alleviation




Vane type systems are typically designed so that the effect of a
uniform gust is completely counteracted by the alleviation controls.
The main limitation of the vane system arises from the fact that sensing
the gust at one point does not give a representative indication of the
average angle of attack across the span. Alleviations as high as 80%
may be obtained by using a single sensor mounted ahead of the nose to
reduce accelerations.
Perhaps the most significant experimental work done in the late
'60's was a major program involving the B-52. An Air Force sponsored
program conducted by the Boeing Company and Minneapolis-Honeywell from
1964 to 1968 [Ref. 21] had the objective of developing a flight control
and stability augmentation system that would provide improvements both
in structural fatigue life and in rigid body and elastic mode stability
in severe turbulence. Flight tests of the system as installed on a
B-52H showed significant reductions in dynamic response to turbulence.
Damping of the rigid body modes and low frequency antisymmetric aft-
fuselage modes was increased. Lateral modes on the fin and aft fuselage
were reduced more than 20% in turbulence. Fatigue damage rates were
reduced more than 50% for these same locations. Test results agreed
well with theoretical predictions. This system is now available in
kit form for retrofit into the B-52G and H fleet.
In a later modification existing control surfaces including
wing spoilers were used but actuators were modified in order to pro-
vide higher frequency response and symmetric deflection of ailerons.
Flight test results indicated major reductions in fatigue damage rates
and wing structural loads. The goal of 50% reduction in fatigue




Work presently underway at Langley Field, Virginia, by Boeing
and NASA personnel is focusing again on a modified B-52 aeroelastic
model fitted with modified aileron and flaperon and a nose mounted
canard. The purpose of this work is to investigate the effect of
active controls on structural damping as a means of preventing flutter
and for use in gust alleviation. Initial results are encouraging and
it is certain that the day when aircraft are designed with active
control systems for flutter suppression and ride quality control is
not far away.
Extensive work is also underway with the purpose of applying
jet flap technology to the problem of relieving rotorcraft blade stresses,
Reference 22 indicates that modulating the rotor loading by means of
a multicyclic jet flap control system can reduce rotor blade stresses
and vibratory loads transmitted to the fuselage.
18

II. SCOPE OF THIS RESEARCH
Rather than use conventional control surfaces as gust alleviators,
as has mostly been done in the past, this thesis considers the use of a
jet flap as the alleviator (Fig. 1).
A jet flap operates on the principle that air at high momentum
is ejected from a spanwise slot at the trailing edge of the airfoil.
This blowing at the trailing edge modifies the circulation around the
airfoil and in fact may yield values of circulation greater than those
attainable with boundary layer control. Two factors contribute to the
increased lift on the jet flap. The direct component of jet momentum
in the lift direction produces what is known as "reaction lift" and in
addition the supercirculation creates a reduced static pressure on the
upper surface and increases it on the lower surface. This effect is
called "jet induced pressure lift". The total lift on the airfoil is
the resultant of the basic airfoil lift plus jet induced pressure lift,
plus reaction lift.
The first extensive tests on steady jet flap performance were
conducted by Dimmock in 1956 [Ref. 24]. Other works by Stratford,
Jacobs, and Spence [Refs. 25 and 26] did much toward refining steady
jet flap theory. However, little theoretical knowledge exists regarding
the oscillatory characteristics of jet flaps. For this reason, the
jet flap gust alleviation system, which is the subject of this paper,
had to be developed along experimental lines.
The jet flap used in this thesis is based on previous work by
Simmons and Platzer [Ref. 12]. By varying the flow through two
control tubes which impinge on the main stream either from above or
19

below, variable jet deflection angles are achieved (Fig. 1). It is
then only necessary to sequence air flow to the two control jets in
such a manner that lift effects due to gusts are cancelled by the lift
due to the jet. This scheme would have particular appeal for aircraft
STOL applications. The jet flapped configuration could provide the
three functions of boundary layer control, conventional control, and
gust alleviation, all with a single package. Other applications in-
clude the use of jet flaps on helicopter rotors to provide pitch and
vibration control of the rotor.
Another factor which makes the jet flap appealing is the fact that
the jet flap does not depend on the movement of a physical control
surface having inertia. In fact, almost instantaneous deflection rates
can be achieved. The only limitation in this regard seems to be the
speed with which the control air can be sequenced.
It was decided at the outset to test the feasibility of such a jet
flapped configuration by constructing a one degree of freedom wing
model and testing its effectiveness in reducing torsional oscillations





A basic NACA 0010-66 airfoil section was chosen with a ten-inch
chord and 14.15 inch span. The last 20% of chord was chopped off to
allow installation of the main and control air tubes. Wing construction
was of aluminum with conventional rib spar construction. Skin covering
was of aluminum sheet with separate top and bottom panels to allow easy
internal access. for any required configuration modifications. Each end
rib was constructed of 1/8" aluminum with a 3 1/2" cutout to allow in-
sertion of a movable axle system (Fig. 2) in order that pitch axis posi-
tion could be varied. Next, two rectangular fittings were attached to
the axle and inserted in the end rib cutout (Fig. 2). Screws through
the top of each rib end held the axle firmly in place. Main and control
air aluminum tubing was routed through the rectangular fitting. In
order to eliminate the effect of these tubing connections on wing tor-
sional response, tubing interfaces with the wing were made as nearly
as possible to the axle position. The main air tube was routed through
the left end rib and the two control tubes were routed through the right
end rib. Plastic hose sections were used inside the wing to connect
the air inlet tubes with the full span main and control tubes at the
wing trailing edge. Plastic tubing was also used externally to the
wing to supply main and control air for the wing.
Next, the wing with axle installed was mounted on bearings between
two vertical supports. A horizontal arm soldered to the axle provided
one attachment for a tension spring which was anchored to another arm
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extending from the support (Fig. 3). This lower support could be
adjusted so that various angle of attack positions could be achieved.
The basic wing and mounting problem was now complete. It should
be noted that for the configuration to be statically stable in an air
flow the elastic axis should be forward of the wing aerodynamic center.
This position, however, left the wing with a very large tail heavy moment.
This was easily corrected by adjusting the spring so thai the tail heavy
moment was cancelled out. Various springs were then tried until one
was found which gave a reasonable value for natural frequency. It was
found that a spring with a constant K = 2.5 lb/in gave a natural fre-
quency around 2.45 Hz. This spring was deemed acceptable and used for
all subsequent tests.
B. VANE DESIGN
Model construction now completed, it was necessary to select a
sensor to detect gust angle. The two most common types for gust measure-
ment were found to be a simple vane arrangement mounted ahead of the
wing or an accelerometer mounted on the wing. The vane sensor was
selected primarily because it was felt that this would allow greater
flexibility in that vane position could be easily varied in order to
account for lags in time between the gust striking the vane and striking
the wing. Appendix A shows that, for a simple vane, the natural fre-
quency and damping ratio are given by
(C. + C . )Sp£ 1/2








It may be noted that the natural frequency depends
upon surface
area, length and inertia, all functions of vane
size and weight. In
general, when any one of these change, the others
change also so that
a specific vane to give a specified value of
natural frequency and
damping factor would require an iteration process.
This was done by
means of a simple computer program wherein the various
parameters were
sequentially varied with C and ^ calculated at each step.
Not sur-
prisingly, the results indicated that for a high natural
frequency and
damping ratio near 0.7, the vane should be as light and
as small as
possible. Since the vane was to drive a low torque
potentiometer it
was decided that, in order to be able to neglect this
small amount of
friction, the vane should probably have at least a
4" pivot arm. The
final vane chosen is shown in Fig. 4. The
theoretical values for ?
and oj were found to be
n
£ = 0.55
oj = 13.75 Hz
n
for a tunnel velocity of 31 ft/sec. This was the
maximum velocity
attainable in the low speed smoke tunnel where testing
was to be con-
ducted. It should be noted that the vane was mounted
on its own
support independent of the wing. Thus it was not
necessary to subtract
out wing motion in order to obtain true gust angle of
attack, as would
be the case if the vane were attached to the wing.
Subsequent experi-
mental tests of the vane showed that at 31 ft /sec the
vane had a damply






A D.C. torque motor, designation T-2171, made by Inland Motor
Company, was used to control air being routed to the jet flap. Speci-
fications for this motor are listed in Appendix B.
The basic torque motor was fitted with a pancake mounted tachometer,
Inland Motor Company designation TG-2123-D, and a rotary potentiometer,
both for motor stabilization purposes. Tachometer characteristics are
listed in Appendix B. Necessary amplification was provided using a
MODEL 150A Hyband DC Servo Amplifier. Specifications for this amplifier
are also listed in Appendix B.
A detailed analysis to obtain the controller transfer function was
carried out in Appendix C. It was found that this analysis was of
limited value, however, due to the presence of a pneumatic valve which
introduced highly non-linear effects into the system which could not
be readily analyzed. In order to more firmly define controller response,
a frequency response was made. This test was made with the motor con-
nected to a 4-way pneumatic valve as shown in Figure 5. Air pressure
through the valve for this work was a nominal 13 PSIG. Results of the
frequency response run are shown in Figure 6. It was found from this
test that a "jump" phenomena occurred at 17 cy/sec confirming the non-
linear nature of the controller. This fact however was of little con-
cern due to the fact that the system was quite linear up to frequencies
of about 11 cy/sec. Since, as will be shown later
v
wing response to
frequencies above 6 cy/sec was negligible, a good experimental curve
fit was found to be
E
mp
E 1 + .005s
s




voltage. This approximate curve fit is shown in Figure 6 and agrees
closely with experimental results below 11 cy/sec.
D. AIRSTREAM OSCILLATOR
The method used to obtain the required gust field was to use a
rigidly mounted jet flap. By mechanically deflecting the jet either
an upwash or downwash field could be generated. The method of de-
flecting the jet was to rotate the main tube by means of a motor bell
crank mechanism (see Figure 7). The main tube was similar in con-
struction to that used on the model under investigation except that
on the oscillator the tube was moveable while on the model it was fixed.
The deflection angle at the trailing edge could be oscillated through
angles of ± 20° at tunnel speeds up to 31 ft/sec and frequencies up to
10 cy/sec.
Originally it was intended to mount the vane and wing ownstream of
the oscillator in the following manner.
OSCILLATOR
In this manner, the vane would sense the gust and signal the controller,
which would then route air to offset the gust as it approaches the wing.
However, this approach was abandoned initially due to the fact that
random turbulence generated by the oscillator housing superimposed
random frequencies on the basic sine wave. It was felt that this
25

situation should be avoided initially until the gust alleviation
system could be made to function in the presence of a purely sinusoidal
gust.
The model was then placed just upstream of the oscillator and
under the action of the oscillator was found to undergo purely sinu-
soidal oscillation in torsion at a frequency governed by the oscillator.
In this position, however, it was found that if the vane were placed
further upstream, it would sense the upwash of the model rather than
the oscillator. At this juncture it was decided to abandon for the
moment the original idea of having the vane upstream of the model, and
to settle upon a vane location where it would sense oscillator gusts
with minimum turbulence distortion. It was realized that this approach
would only be valid for a sinusoidal gust of constant frequency and
amplitude and that any random gusts would have already influenced the
wing before actually being detected by the vane. However, as long as
the gust was a steady sinusoid the phasing differences between vane
and model could be accounted for by a phase shifter in the control
system. Actual arrangement of the vane, wing, and oscillator is shown
in Figure 8. Hereafter, this arrangement shall be referred to as con-
figuration A, while the vane ahead configuration will be referred to
as configuration B. Appendix D summarizes properties of the flow field
produced by the oscillator.
E. WIND TUNNEL
The Low Speed Flow Visualization Facility at the Naval Postgraduate
School is essentially a three-dimensional open circuit smoke tunnel.
The air inlet is a square bell shaped configuration containing a honey-
comb three inches thick followed by one layer of screen. The inlet
26

area is 15' x 15' and subsequently contracts to a 5* x 5' x 12'
square test section.
The air flowing through the test section passes through a set of
louvers downstream of the section and transitions from a square to a
circular cross section. Behind the louvers in the circular cross
section is a fan that controls the air flow through the tunnel. Between
the louvers and the fan is a rubber sleeve to prevent the motor vibra-
tions from being transmitted into the test section. The fan is driven
by a motor mounted directly behind it. The air after passing through
the fan is turned vertically upward and vented to the atmosphere out-
side the building. Maximum tunnel speed is 32 feet/second.
F. OPEN LOOP VANE CONTROLLED SYSTEM
The open loop control system is shown in Figure 9. It can be seen
that a gust signal sensed by the vane was converted to an electrical
signal by means of a high precision low torque rotary potentiometer.
This signal was then routed to a phase shifter. The phase shifter was
actually a band pass filter which, in addition to allowing a wide
range of phase angles, also provided some signal shaping of the vane
signal, which was found to contain some higher frequencies due to
its close proximity to the oscillator.
After signal shaping and phase shifting, the signal was routed to
the controller which consisted of the amplifier, torque-motor, tacho-
meter and motor-mounted potentiometer for position feedback information.
It should be noted that the rate and position feedback provided by the
tachometer and potentiometer do not make the system as a whole closed
loop since they act merely to improve controller response and no direct
wing feedback is incorporated. The electrical signal which entered
27

the controller is converted to a shaft angle by the servomotor. This
angular rotation is converted to linear motion by the mechanical link-
age shown in Figure 5. The semicircular arrangement shown atop the
motor shaft was for mass balancing of the load applied to the shaft.
The pneumatic valve had one inlet and two outlets for central air to
be routed to the wing. This valve metered air at 13 PSIG to one control
tube or the other depending on whether motor shaft angle was positive
or negative. For zero motor shaft angle, no air was routed to the
control tubes.
Air metering was approximately proportional to shaft angle position
rather than being of a "flip flop" nature. This allowed smooth con-
trol of air to the appropriate control tube. When this air was expelled
from the control tube at the model, momentum interaction with the main
jet sheet (at 68 PSIG) allowed variations in jet blowing angle over a
range of 10 degrees. Thus model motion in torsion was achieved by
varying jet deflection angle.
It was anticipated that model response (in one-degree-of-freedom
torsional motion) to controller input would be of a second order nature.
An experimental frequency response test at frequencies from 0.2 - 4.6
cy/sec was carried out to verify this. The results in Figure 10 indi-
cate that indeed the ga:
However, the phase angle variation did not have the classical second
order variation. That is, at resonance, instead of the expected
phase angle of -90°, the phase angle was -119°. In fact, the phase
angle showed a linearly increasing gain over expected second order
values
.
Further investigation revealed that fixed time delays within the
air tubes leading from controller to model were responsible for this
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, , , l • c wing position . , ,
»t e rn of ^-*- t—. was of second order.
motor position

phasing error. This time delay was found to be approximately 0.04
seconds. The actual transfer function for a pure time delay is e
where t is the value of the time delay. A first order approximation
of this time delay, that is , was found to give good correlation
1 + t s °
with experimental results. The resulting transfer function for the








+ 3.696S + 237.16) 1 + .04S
where the second term represents the transport delays. From this equa-
tion it was found that for the oscillating wing




IV. TEST PROGRAM AND RESULTS
A. CONFIGURATION A TESTING
With all elements positioned and wing elastic axis set at 30% chord,
the tunnel was turned on. The oscillator was then turned on and the
sinusoidal gust frequency adjusted to 2.45 Hz, the natural frequency of
the model. In this condition the wing oscillations were roughly equal
to 3° about level position. Next the automatic control functions were
powered and a decrease in wing oscillations was immediately noticed. By
adjustment of the high and low cutoff frequencies of the band pass fil-
ter, the phase shift of the vane relative to the model was slowly varied
until model oscillation was hardly perceptible. In this position the low
and high cutoff frequencies of the filter were 0.6 Hz and 20 Hz respec-
tively. A strip chart recording of wing angular position similar to
Figure 11 showed that wing torsional oscillations had been reduced by 92%.
Greatly encouraged by this early success, parameter variation studies
were next conducted. Control system pressure was varied about the opti-
mum value of 13 psi. Alleviation seemed to fall off rather linearly as
control pressure was reduced. However, with an increase in pressure of
three or four psi, alleviation was observed to rapidly deteriorate. It
was felt that this was probably caused by a sudden wall attachment com-
monly known as the "Coanda Effect". This sudden attachment had the
effect of causing the system to operate in a "bang-bang" fashion rather
than proportionately, as originally designed.
Main air pressure was not varied from its nominal value of 68 psig
due to the fact that oscillator air pressure was also fed from the same
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compressor and the 68 psig was needed by the oscillator if adequate wing
motion was to exist.
Gain variations were then made about optimum and it was noted that
alleviation degradation was approximately linear with gain reductions.
Gain increases were not investigated as servo motor operation was already
very near the pneumatic valve stops.
Band pass filter variations from the 0.6 Hz and 20 Hz values seemed
to affect alleviation ability only slightly with small variations from
optimum. In fact, increasing the high cutoff frequency from 20 to 200 Hz
reduced alleviation only a few percent.
One factor discovered by accident had considerable effect on allevi-
ation ability. This was servo-motor reference, or neutral position. If
this reference were varied a slight amount from the neutral position the
wing would merely assume a new angle of attack with no loss of alleviation
capability. However, large changes in this reference position caused
rapid loss in alleviation. Again, this sudden loss was caused by the
Coanda Effect, wherein the jet flow was attaching to one of the control
tubes, causing a sudden large incremental jet deflection angle. As long
as the motor reference position was reasonably centered, however, this
effect caused no major problems. One cure for the above problem would
be to make the control tubes flatter, with sharp trailing edges. In this
manner, flow attachment would not occur.
After completion of the parameter variation studies already discussed,
it was decided to encase the wing between two fixed sideplates to provide
a two-dimensional flow field before further study of the system was car-
ried out. This reconfiguration was carried out with a 0.1-inch gap
between each wing tip and its endplate. It was felt that this gap
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would be sufficient to allow the model enough clearance to oscillate while
still providing an essentially two-dimensional flow field. One factor
that complicated sidewall construction was the need to provide holes in
the sidewalls just sufficient for the oscillating axle and tube assembly
to pass through, yet small enough to maintain essentially two-dimensional
flow. This problem alone consumed considerable time in alignment and
rework. Sidewall height was 26 3/4" and base was 22 3/4". The sidewalls,
one of 1/4-inch aluminum and one of 3/8-inch plexiglass (to permit view-
ing) were attached to a wooden base below. A crossmember on top provided
horizontal separation and rigidity between the sideplates. When installed,
an unexpected Venturi effect around the wing tended to pull the sideplates
inward, causing rubbing with the oscillating wing. Tension cables with
adjustable turnbuckles were installed to alleviate this problem. However,
these required frequent adjustment so that exact uniformity in test condi-
tions from day to day was a virtual impossibility. In fact, slight vari-
ations in endplate gap exhibited such a marked influence on wing damping
coefficients that in one test the wing was found to exhibit neutral
dynamic stability when given a slight angle of attack. When sidewall
gap was increased by only 1/32 of an inch, the wing was then found to
have a damping value of 0.2 times critical. This marked change in wing
damping could not be explained and requires further study. A large
series of tests run on many different days showed that wing damping val-
ues generally seemed to vary between 0.1 and 0.2 times critical.
On reflection it was felt that a much better method for obtaining
two-dimensionality would have been to attach endplates rigidly to the
wing, thus eliminating all gap and leakage problems at the outset. This
approach, though considered, was not adopted because it was felt that the
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decrease in bandwidth which would result from the increase in model
inertia would prove to be too large. The model bandwidth was only 3.74 Hz
without sidewalls and to reduce this would have seriously limited testing
flexibility since the lowest sinusoidal gust which the oscillator could
develop was around 1.7 Hz. Perhaps the added material could have been
light and rigid enough so that bandwidth reduction would be minimal.
Any future studies should certainly give serious consideration to
this latter alternative. Nevertheless, despite the limitations already
discussed, the model as modified did prove to be an acceptable testbed
for further studies of the gust alleviation system.
After the system was again assembled and checked out, testing was
resumed. At a tunnel speed of 31 feet/second, gust frequency was varied
from 2.2 to 3.8 Hz. At each frequency, wing osciallations were measured
first with control air off, then with control air on. Figure 12 shows
the results of this study which clearly illustrates the effectiveness of
the system in alleviating sinusoidal gusts. It may be noted that with
control off the wing oscillations vary from ±3.4° at 2.25 Hz to about
±0.85° at 3.62 Hz, while with control on the oscillations remain fairly
constant at ±0.5°, regardless of frequency. Figure 13 shows percentage
alleviation versus frequency. The falloff in percentage alleviation with
increasing frequency is perhaps misleading. It is due more to the fact
that wing response at the higher frequencies was so low that it fell
within the noise levels of the control system. In this region response
either to turbulence or control actuation was very small.
While it would seem intuitively that zero wing deflection angles
should be attainable for a sinusoidal gust with control on, this result
was not possible for the system as assembled due to the fact that while
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the wing was undergoing pure sinusoidal motion, the vane mounted down-
stream in close proximity to the oscillator was undergoing oscillations
as shown below.
i nA±±±l^^j^^^m^
Even though filtering removed most of the harmonics from the signal,
it was felt that the amount of variation which remained along with other
slight system nonlinearities was sufficient to account for the deviations
from perfect 100% gust alleviation.
Next, tunnel velocity was varied with the wing exposed to a constant
sinusoidal gust field of oj = 2.25 Hz. Figure 14 shows that alleviation
remains fairly constant down to a velocity of 17.5 feet/second, after
which it drops off drastically. If accurate, this result would seriously
limit the applicability of this type of system, however, several points
deserve mention. As tunnel velocity was reduced, gust upwash velocity
remained the same, thus the gust angle of attack was greatly increased
as tunnel velocity was reduced.
Since in the optimum operating condition at 0) = 2.25 Hz and V = 31
feet/second the controller was operating near full authority, there was
little additional control force which could be brought to bear on this
apparently increased gust. Additionally, at the lower velocities the
vane located beneath the oscillator was receiving extremely large input
signals, causing the pneumatic valve to be driven into its mechanical
stops. Thus the system was saturated and no longer able to operate in
its linear range. For this reason, as indicated in Figure 14, the gain
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of the vane signal was reduced about 20% below 17 feet/second in order
to prevent this saturation. Of course, the effect of this limited auth-
ority on alleviation capability is apparent below 17 feet/second. It
should be realized that in a conventional vane-ahead configuration (Con-
figuration B, to be considered later in this report) this saturation
effect would not occur. The alleviation system would be designed such
that full authority control actuation is sufficient to counteract some
specific maximum expected gust within the flight speed envelope. The
only effect which would occur would be a slight falloff in alleviation
capability as airspeed was varied about some design value. This is so
because at the design speed the time lead of the sensor, i.e., the time
between when the gust strikes the vane and when it strikes the wing, is
equal to the time lags within the system, i.e., transport lags and any
frequency sensitive lags introduced by the servo-motor. At any faster
speed (for fixed vane location) the time lead from the vane is lessened,
thus time lead and lag are no longer equal and alleviation is no longer
optimum. This problem could easily be remedied by providing electronic
lead or lag circuitry.
B. CONFIGURATION B TESTING
Having had considerable success with configuration A, it was decided
to rearrange the system components so that the oscillator was now up-
stream, followed by the vane at about two feet behind the oscillator
trailing edge. Based on system time delays of 0.04 seconds, the model
was placed (.04 sec) x (31 ft/sec) or 1.24 feet behind the vane aerody-
namic center. As arranged, and with the wing elastic axis at 30% chord
as before, it was found that wing oscillations even with control off were
insufficient to record. In an effort to increase the amplitude of
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oscillation, the wing pitch axis was shifted to 44% chord. In this posi-
tion, as expected, the wing was slightly statically unstable due to the
fact that the pitch axis was aft of the aerodynamic center. However with
tunnel air on, the wing would merely seek a new reference at about ±1°
angle of attack. While not a stable equilibrium point with the oscilla-
tor turned on, the wing did undergo sinusoidal oscillations about the
zero angle of attack position with amplitudes of nearly ±2°. In this
configuration, it should be noted that both the oscillator and main air
tube were set at 33 psi while the control tube pressures were reduced to
7 psi. These pressures seemed to provide more sinusoidal gusts than the
65 psi used in configuration A.
Initial application of servo power was found to yield negligible con-
troller response. Therefore, the amplifier gain was increased in order
to account for the reduced gust signal input being sensed by the vane in
its new position. Subsequent investigation showed that the gust oscil-
lator was able to generate a gust amplitude of ±5° at the nominal tunnel
speed of 31 feet/second. . With the increase in gain control, system effec-
tiveness was again found to be excellent in reducing sinusoidal oscilla-
tions.
It was decided to remove the band pass filter in order to simplify
system complexity as much as possible. When this was done, no noticeable
change in system performance was observed so that all configuration B
testing was done without the filter.
It was felt that without the filter the frequency response of the
system should be better at the higher frequencies. Figure 15 clearly
shows this to be the case. In fact above 3 Hz configuration B was more
than twice as effective as configuration A and the system was effective
up to about 6 Hz, whereas configuration A was only effective to about 4 Hz.
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This result was deemed most gratifying since configuration B with the
vane sensing the oncoming gust upstream of the wing was much more closely
related to actual flight conditions than configuration A.
Figure 16 shows wing deflection angle versus frequency. Again the
falloff in wing response with frequency is noted for the case of no con-
trol, whereas with active control applied wing response is almost constant.
In order to further measure system performance wing rotation angle
was fed into a spectrum analyzer. Figure 17 shows the power spectral den-
sity, system off, then on, when subject to a constant amplitude sinusoidal
gust at 3.25 Hz. It should be noted that, at the forcing frequency, the
wing signal squared is 30 db less with active control applied. It may
also be noted from Figure 17(b) that the wing response at the forcing
frequence is only slightly above the surrounding level of noise.
As promising as the system appeared, it was realized that aircraft in
turbulence seldom encounter sinusoidal gusts at constant frequency. A
method for generating random gusts needed to be devised if the system was
to be rigorously tested.
One method considered was to drive the oscillator with a servo motor
similar to the one used to operate the pneumatic valve. The motor could
be directly linked to the oscillator main control tube and, as the tube
had little inertia, high rotation rates could be achieved (to approxi-
mately 17 Hz for this particular motor). A Gaussian noise generator
could then be used as input to the servo motor to produce a pure white
noise type of turbulence or could have been fed to the motor via a filter
constructed so as to duplicate any atmospheric turbulence model desired.
To this writer's knowledge, no such tool presently exists and such a
device would certainly prove beneficial to the study of wind tunnel models
in turbulence. As appealing as this idea was, time and material
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limitations precluded the installation of such a random gust generator.
Nevertheless, by uncoupling the main air tube of the oscillator from the
motor drive mechanism it was possible to rotate the main tube manually.
A mechanical linkage through the tunnel floor enabled an operator below
to mechanically introduce a two-dimensional gust with "random" content
limited only by the randomness of the operator's hand motion.
Figure 18 shows a time history of wing and vane motion with control
off then on. The reduction in wing motion is readily apparent with con-
trol on. It may be noted that wing response with control on never exceeds




V. SUMMARY AND RECOMMENDATIONS
This thesis investigated the feasibility of using a jet flap in a
gust alleviation role. A vane gust sensor provided the signal for servo
motor actuation of a pneumatic valve which controlled the sequencing of
air to the trailing edge of the airfoil. Under the action of a steady
sinusoidal gust the control system was found capable of alleviating 92%
of the pitching motion due to the gust. Additionally, analysis of the
time history shown in Figure 18 due to a random gust indicated that with-
out alleviation the wing RMS level was 0.68° while with control on this
level was 0.29° corresponding to a percentage reduction in RMS signal
level of 57%.
It was felt that this result sufficiently demonstrated the feasibil-
ity of the system investigated. Of course it is realized that the step
from simplified model to full scale aircraft is a large one. Future
studies should perhaps be directed toward the construction of a model
equipped with jet flaps so that both pitching and plunging modes can be
acted upon simultaneously. Elevator to wing control surface gains would
have to be worked out so that the moment imbalance created by an approach-
ing gust would be offset by the elevator motion. In addition, wing con-
trol-surface-to-vane angle gains would need to be found so that aircraft
translation was minimized.
Unfortunately, much of this work would have to be done by trial and
error as there are still a great many gaps in oscillatory jet flap theory.
Nevertheless, it is work which must be done if a jet-flapped gust allevi-




APPENDIX A - VANE DESIGN
To be effective as a gust detector a vane must have the best possible
response characteristics with as high a natural frequency as possible.
An analysis similar to that carried out by D. Graham [Ref. 23] was
carried out assuming a statically balanced vane as shown in Figure 1.
Additionally it was assumed that potentiometer bearing moment was
negligible compared to that developed by the vane. The equation of
motion for this system can be written as
2
e + 2cw e + a) e = o
n n
with the two quantities c and u the system parameters one seeks.
n
The torque tending to rotate the vane to zero angle 6 is,
t = (L cos 6 + D sin 9) I (1)
Here L and D are the lift and drag components on the vane and
is the moment arm from the axis of rotation of the vane. For small
angles
cos 6=1 and sin 9=8
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T = (L + D0) !i (2)
Incorporating the definition of lift curve slope and drag curve
slope, i.e.
dC dC
L- (^)aSq= (^)eSq (3)
D= t^a+CDo ]S^= t (a^)9 + CDo ]S ^ (4)
where C is the parasite drag coefficient, S is the vane area and q
is the dynamic pressure. Substituting (3) and (4) into (2) results in
dC dC
T= [(*T)6+ O 9 +CDo 9]S^
differentiating with respect to 6
dC dC
77T = [(—^) + 2(-~>8 + C^ ]Sq£d6 da ' da Do M
where -—8 represents the torque due to vane deflection. Additionally,
do
the torque due to vane velocity must be considered. These torques arise
from changes in vane angle of attack due to angular velocity. For small
angles this change in angle of attack will be
Aa = —
ha
In the presence of a pitching rate, the 8 in (2) becomes 8 + —
With these substitutions the torque can be written
*-«££ <&£<• !*» + «*<• !*"*'
differentiating with respect to 8
dr
r / CM . dCD,Ue + 26J,, . CD lc 2
~i
" [( do-} U
+
do~ ( 2 > + U-
1SqJl
do u
The equation of motion





can now be written.
dC , dC U9 + 26£ C










LSince -— is small with respect to -.— for small angles of attack
da da °
this term is dropped, yielding:
dC 2 dC
6 + iO + So^ + tO + v^ ° < 7 >
Since this equation is of the form
9 + 2^0)9 + 0) 8 =
n n
(CT + C„ )Sq£ (CT + CL )Sp£v La Do H .. La Do
% ; " u —Ti <»
2
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Equations (8) and (9) show the dependence of natural frequency and
damping ratio on vane characteristics. As one can readily see, no
simple method for predicting vane size for some high value of u is
apparent.
If, however, the inertia of the vane arm is neglected, as well as
the moment of inertia of the vane platform about its CG, it can be seen
that
2 2
I = ml and m = p (St)£
vane
where t is the vane airfoil thickness.
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Then one can write:
(C T + C )Sq£La Do M
n c 2 or to « 1//Tp St£ n
vane




T-2171-C D.C. TORQUE MOTOR SPECIFICATIONS
Peak torque at stall (25°C)
Peak power at stall (25 C C)
Continuous torque at stall (25°C)

































Volts at peak torque

































HYPAND 150A D.C. SERVO AMPLIFIER SPECIFICATIONS
Output power
Output voltage (minimum)
(B+ at 28 VDC)
Output current
(Adjustable limit)








Preamp gain (open loop)















Power stage gain 10 v/v±20% at 25 °C
Power stage drift (referred to input) <200 yv/°C
Power stage dead band (referred to input) <±20 mv at 25°C
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APPENDIX C - TRANSFER FUNCTION DERIVATION FOR CONTROLLER
Considering first the motor alone and assuming negligible friction












Equivalent Circuit for Motor
w—
>
Next, voltages are summed around the equivalent circuit above.
V I(VV^f + KBF (2)
Now take the Laplace transform assuming zero initial conditions.
EI= (RM + V I= V S + VoS (3)
Equation (1) becomes,
Kjj = J T eQS
2
(4)










-V + ^ s + v
The following values were used in (5) above:
J
T
= 1.7 x 10
h






K„ = .2 34 - R^ = 7 ohm
L^ = 0.01 hry
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I S (7.26 x 10 ) + S (.00509) + S(.32)
Neglecting the cubic term (6) becomes after simplifying
6
o 3.125
E S(.0159S + 1)
This is the transfer function for the motor acting alone with no
compensation.








Writing the loop equation for the equivalent circuit above,
K 6.S = (R + R_)I + L I S (8)
g i g L g g g




Combining (8) and (9) to eliminate I
E K S




Using the following values
R = 2000 ohm K =0.4 v/rad/sec









Having the transfer functions for motor and tachometer, the transfer
function for the entire controller can now be formed.
MOTOR
The above figure indicates the additional components in the controller.
The values shown were found to give good controller response. From
control theory it is known that for a system similar to that shown below,
G(S)
1 + G(S)H(S) (ID
T® G(S)
H(S)
If only the inner loop of the controller is considered a simplified












R(S) S(.00195S + 1)
3.834
(12)
Now the inner loop may be replaced by (12) and the original controller
takes the following form:














+ 512. 8S + 90820.5
Noting the denominator to be of the form
2 2
S + 2i> S + o>
n n
the natural frequency and damping ratio are now easily found to be
a) = 301.4 rad/sec (48 Hz)
n
r, = 0.85 .
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APPENDIX D - GUST GENERATOR FLOW FIELD
In order to study the flow field produced by the gust generator
the previously described sensing vane was employed. In this manner, for
fixed vane location, both steady state and oscillatory gust angles could
be determined. Figure 19 shows the results of a survey made at varying
distances upstream of the oscillator. As can be seen, vane angle maxi-
mum deflection appears to fall off linearly with frequency. Figure 20
shows the fall off in vane angle as distance upstream of the oscillator
is increased. This survey was made in the same horizontal plane as the
gust generator, Traces of the vane signal showed a clear sinusoidal
signal regardless of oscillator frequency or horizontal position, in-
dicating the lack of high frequency turbulence.
This was in marked contrast to the flow field which was found to
exist downstream. In this region the basic sinusoidal motion produced
by the oscillator was mixed not only with turbulent eddies from the
oscillator assembly but also from direct jet impingement of the oscil-
lator on the vane.
Figure 21 shows the variations in vane amplitude with frequency and
position. The large variations in vane angle with frequency are pro-
bably due more to the large random variation in the output trace than
any dominant physical trend. This made accurate data reduction diffi-
cult and perhaps the only conclusion that should be drawn from figure




























































AXLE 1/4 DIA MAIN TUBE INLET
1/4" I.D.
Figure 2
Internal construction details of jet flap.
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ARM SOLDERED TO AXLE
WING POTENTIOMETER
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Magnitude and phase plots of wing position to motor position transfer function.
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(O - 2.17 HZ.
Figure 11
Configuration A wing response at 2.17 Hz with control off and on.
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Power spectral density plots for a 3.43 Hz gust excitation with control
off and control on.
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WING RESPONSE- CONTROL OFF
nwm
VANE RESPONSE- CONTROL OFF
Figure 18
Wing deflection angle versus time due to a random gust, control on and
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